Two lab-scale anaerobic membrane bioreactors (AnMBRs), one up-flow attached-growth 2 (UA) and another continuously stirred (CSTR), were operated under mesophilic 3 conditions (35 °C) while treating synthetic municipal wastewater (800 mg/L COD). Each 4 reactor was attached to both polyvinylidene fluoride (PVDF) and polyethersulfone (PES) 5 microfiltration (MF) membranes in an external cross-flow configuration. Both reactors 6 were started-up and run under the same operating conditions for multiple steady-state 7 experiments. Chemical oxygen demand (COD) removal rates were similar for both 8 reactors (90-96%), but captured methane was found to be 11-18% higher for the CSTR 9 than the UA reactor. Ion Torrent sequencing targeting 16S rRNA genes showed that 10 several operational taxonomic units (OTUs) most closely related to fermentative bacteria 11 (e.g., Microbacter margulisiae) were dominant in the suspended biomass of the CSTR, 12 accounting for 30% of the microbial community. Conversely, methanogenic archaea 13 (e.g., Methanosaeta) and syntrophic bacteria (e.g., Smithella propionica) were found in 14 significantly higher relative abundances in the UA AnMBR as compared to the CSTR, 15 due to their affinity for surface attachment. Of the methanogens that were present in the 16 CSTR sludge, hydrogenotrophic methanogens dominated (e.g., Methanobacterium). 17
Introduction 26
The primary advantage to wastewater treatment using anaerobic membrane bioreactors 27 (AnMBRs) is the bioprocess' inherently low energy use and potential for energy 28 recovery. The use of an AnMBR eliminates the requirement of aeration for treatment 29 while also introducing the potential for methane harvesting generated by the anaerobic 30 degradation of organics.
1 Additional advantages of the use of AnMBRs are the potential 31 for low biosolids (waste sludge) production, a small reactor footprint due to higher 32 anaerobic degradation rates, and high quality effluent by use of membrane separation. 
33
The slow growth of active anaerobic microbial communities compliments their ability to 34 maintain high specific degradation rates and methane conversion efficiencies at 35 mesophilic temperatures. This presents a suitable match for their combination with 36 membrane filtration for biomass separation, especially in warmer climates (i.e., Saudi 37 Arabia) where higher operation temperatures can be easily maintained. 3 
39
Nonetheless, there are a number of limitations in operation of AnMBRs. One major issue 40 that is directly related to AnMBR sustainability is that of methane recovery capacity. It is 41
still not known to a high degree of accuracy how much energy can be captured per unit of 42 chemical oxygen demand (COD), mainly due to the widely variable operational 43 conditions reported in existing AnMBR literature. 4 At high organic loading rates, 44 methane in biogas can approach the maximum theoretically recoverable. 5 Although lower 45
LCK 314 (15-150 mg/L) or LCK 514 COD (100-2000 mg/L) cuvette test vials (Hach-131
Lange, Manchester, UK) depending on the concentration to be measured. TOC of 132 AnMBR effluents were determined for both UA and CSTR reactors on a bi-weekly basis. 133
Samples were taken from the effluent of the reactor system, filtered with 0.2 µm cellulose 134 acetate syringe filters (VWR Int., Radnor, PA, USA) and diluted accordingly based on 135 expected TOC concentrations. The samples were then measured for dissolved organic 136 carbon (DOC) as non-purgeable organic carbon (NPOC) using high temperature 137 combustion on a Shimadzu TOC/TN-V CPN analyzer (Shimadzu Corp., Japan). The mixed 138 liquor suspended solids (MLSS) concentration of the CSTR AnMBR sludge was 139 determined monthly in compliance with standard method 2540D. 24 Briefly, 50 mL of 140 sludge was filtered through a weighed 8 µm Whatman Nuclepore TM track-etched 141 polycarbonate filter (GE Healthcare Life Sciences, Little Chalfont, UK) then dried at 142 105°C and weighed again. The UA AnMBR was not measured for MLSS as the majority 143 of its biomass was attached to the packing media of the reactor and its suspended sludge 144
would not be representative. 145
Biogas measurement 146
Biogas produced from each reactor was captured continuously in gas bags from the 147 headspace of the reactors, and volume was measured by removing the biogas with a 148 volumetric syringe. CH 4 , O 2 , N 2 , and H 2 were measured on a SGI Model 301C gas 149 chromatograph with a molecular sieve column using argon as a carrier gas followed by a 150 thermal conductivity detector (TCD). CO 2 was measured on a separate SGI Model 301C 151 gas chromatograph with a silica column using helium as the carrier gas followed by a 152 TCD. 200 µL aliquots of biogas were injected upstream of each respective gas 153 chromatograph column. 154
155
Biomass regeneration rates and losses in the effluent were calculated to estimate actual 156 methane yield per unit COD. A microorganism decay rate of 0.03 d -1 and COD 157 conversion coefficient of 1.42 g COD/g microorganism were assumed. 25 To determine 158 CO 2 and CH 4 lost in the effluent, batch tests to manually strip all dissolved gasses were 159 performed after cessation of methane production. The dissolved biogas susceptible to 160 being lost in the effluent was in the liquid phase of both the UA and the CSTR AnMBRs, 161
as it was the only portion of sludge that was in contact with the membranes and subject to 162 filtration. As such, suspended sludge was used for both reactors. Tests were done in 163 triplicate on 10 mL sludge samples in 30 mL vials from both reactors. In order to strip the 164 dissolved gasses completely, the headspace to liquid ratio was increased to approximately 165 30 times of that of the reactors and filled with 100% nitrogen to increase the batch tests' 166 mass transfer capacity. Test vials were vortexed for 5 min then placed on a shaker at 100 167 rpm for 24 h at 35 °C. The 20 mL headspace was then measured for methane content. 168
Methane yield was calculated based on stoichiometric conversion rates of proteins, lipids, 169 and carbohydrates and their ratios in the synthetic wastewater. 25 170 2.4. Sludge and membrane biomass sampling for microbial analysis 171 1 mL of sludge from the CSTR AnMBR was sampled every two to three weeks. Samples 172 were pelleted by adding 0.6 mL of 1X PBS solution and centrifuging for 10 min at 9400 173 g. The UA AnMBR was sampled every 3-4 weeks for both suspended and attached (i.e., 174 bound to ceramic packing media) biomass. For sampling of the UA reactor, 8 mL of 175 suspended sludge was pelleted by adding 5 mL of 1X PBS and centrifuging for 15 min at 176 9400 g. The pellet was subsequently re-suspended in 1 mL of 1X PBS and pelleted at 177 9400 g for 10 min before storing at -20 °C. For the attached growth portion of the UA 178
AnMBR, a single ceramic carrier was removed for each sampling event from the middle 179 section of the reactor and suspended in 5-6 mL of 1X PBS for 30 min and brushed of all 180 attached biomass. The suspension was sonicated for 5 min at 25% frequency, pulsating at 181 2 s intervals using the QSonica Q500 Sonicator (QSonica LLC, Newton, CT, USA). The 182 suspended solution was then pelleted by centrifuging at 9400 g and stored at -20 °C. 183
184
For analysis of the microbial community in the attached membrane biofilms, the biomass 185 was divided into two portions: (i) loosely bound and (ii) strongly bound. For the loosely 186 bound biofilm portion, three freshly harvested 4 cm 2 membrane segments, cut from 187 sections equally spaced along the length of the membrane surface, were each dipped 188 lightly five times in 6 mL of 1X PBS. The suspension was then divided into 2 mL 189 aliquots and pelleted by centrifuging for 30 min at 9400 g and stored at -20 °C. For the 190 strongly bound biofilm portion, each of the same three separate segments was aseptically 191 cut into strips and placed into a 2 mL tube with 2 mL of 1X PBS. The tubes were 192 vortexed for 5 min then sonicated for 5 min at 25% frequency and 2 s pulsating intervals 193 using the QSonica Q500 Sonicator (QSonica LLC, Newton, CT, USA). The suspension 194 was then pelleted by centrifuging for 30 min at 9400 g and stored at -20 °C. 195
DNA extraction and barcoded amplification of 16S rRNA genes 196
Genomic DNA was extracted using the UltraClean® Soil DNA Isolation Kit (MoBio 197 Laboratories,Carlsbad, USA) with slight modifications to the protocol by adding 198 lysozyme and achromopeptidase to the lysis buffer.
26 PCR amplification of the extracted 199 DNA was performed with barcoded forward primer 515F 200 (5′-GTGYCAGCMGCCGCGGTA-3′) and reverse primer 909R 201 (5′-CCCCGYCAATTCMTTTRAGT-3′) based on thermal cycling conditions 202 previously described. 27 Amplicons from all DNA samples were of the correct anticipated 203 size of ~450 bp and controls for PCR reactions were found negative for amplification. and adaptors were then trimmed off of the sequences. Remaining sequences of lengths 213 less than 350 nt were removed. The processed 16S rRNA gene sequences were also 214 removed of chimera using UCHIME.
28 Chimera-removed sequence files were then 215 analyzed based on their 16S rRNA gene sequences using two different approaches. 216
217
The first approach assigned sequences to bacterial/archaeal taxonomic hierarchy at a 95% 218 confidence level using the Ribosomal Database Project (RDP) Classifier. 29 The relative 219 abundances of the bacterial and archaeal genera were calculated, collated and then 220 square-root transformed. The transformed dataset were then computed for their Bray-221 Curtis similarities and represented graphically for spatial distribution in a bootstrapped 222 metric multidimensional scaling (mMDS) plot using Primer-E version 7. 30 One-way 223 analysis of similarity (ANOSIM) was performed as a test statistic using Primer-E version 224 7 to evaluate differences among clustering patterns of the mMDS plot. One-way 225 ANOSIM generates a denominator constant R, ranging from 0 to 1 with a corresponding 226 P value. The R statistic provides a comparative measure of the degree of separation 227 among clustered patterns with R = 0 representing no differences between compared 228 sample groups and R = 1 representing sample groups with complete dissimilarity.
31

230
In the second approach, sequence files were sorted based on ratio of identical sequences 231 to total sequences and identified as unique operational taxonomic units (OTUs). All 232 chimera-removed sequence files were combined with an in-house written Perl script. The 233 combined sequence file was then sorted for unique OTUs at 97% 16S rRNA gene 234 similarity using CD-Hit. 32 OTUs were prioritized based on highest average relative 235 abundance in each reactor and sorted accordingly. OTUs with an average relative 236 abundance in either the UA or CSTR AnMBR of above 0.3% of total sequences were 237 blasted against the NCBI nucleotide database using the BLASTN algorithm to check for 238 their closest matching bacteria or archaea species. Results of sequence blasting were then 239 recorded for NCBI sequence identity similarity data (closest classified species, identity 240 match, maximum score, and E-value). For the comparison of average relative abundances 241 of sample sets, an independent (unpaired) two-tailed was aseptically cut into strips and placed into a 2 mL tube with 2 mL of 1X PBS for EPS 254 extraction. The tubes were vortexed for 5 min then sonicated for 5 min at 25% frequency 255 and 2 s pulsating intervals QSonica Q500 Sonicatior (QSonica LLC, Newton, CT, USA). 256
The suspension was then centrifuged for 30 min at 9400 g. The supernatant was retained 257 and filtered with 0.2 µm pore size CA syringe filters. Polysaccharide content was 258 quantified using the phenol-sulfuric acid method with glucose as standard. 33 The total 259 protein kit from Sigma-Aldrich was employed for extracted protein content determination the mobile phase consisted of 50 mM phosphate buffer (pH = 7.0) with 300 mM NaCl. 269
The detection was carried out at room temperature with a UV detector at 210 and 280 nm 270 wavelengths, which are commonly used for EPS.
35 UV absorbance at both wavelengths 271 has been used extensively for protein determination. 36 Based on previous studies that 272 have used UV for excitation, 210 nm wavelengths represent protein-like substances while 273 280 nm wavelengths more commonly detect humic-like substances.
37, 38 Molecular 274 weights of compounds detected were calculated based on a calibration curve (y = -0.454x 275 + 8.38) established for proteins of known molecular weights (x) and their corresponding 276 peak retention times (y). 277
Membrane categorization for surface morphology, hydrophobicity and 278
surface charge 279
Membranes used were JX model MF PVDF (GE Osmonics, Minnetonka, MN, USA) and 280 HFK-618 model MF PES (Koch Membranes, Wilmington, MA, USA). Pore sizes were 281 0.3 and 0.2 µm for the PVDF and PES, respectively, as determined by the manufacturer. 282
The surface morphology of dry membranes was analyzed with an Agilent 5400 SPM 283
Multimode Scanning Probe (Agilent Technologies, Santa Clara, CA, USA) Atomic Force 284
Microscope (AFM). Imaging was carried out in tapping mode using a probe with a 285 nominal cantilever length of 225 µm, a nominal tip radius of 10 nm, and a spring constant 286 of 0.6-3.7 N/m. The interactions between the tip and membrane surfaces were recorded to 287 map the three-dimensional topography of the membranes. This map was then used to 288 determine the average surface roughness using the root mean squared (RMS) method for 289 areas of 30 µm x 30 µm and 3 µm x 3 µm of each membrane used in AnMBR operation. 290
Hydrophobicity of each membrane was assessed using contact angles, which were 292 determined by the static drop technique with a KSV Cam 200 optical contact angle meter 293 (KSV Instruments Ltd., Finland). Briefly, deionized water was made to come into contact 294 with the membrane surface by a micro-syringe to a droplet size of diameter 0.4-0.5 cm. 295
At least three different contact angle measurements were carried out for each piece of 296 membrane to obtain an average. 297
298
The surface charge of each membrane was determined by zeta potential, which was 299 measured using a Surpass Complete electrokinetic analyzer (Anton Paar, GmbH, Graz, 300 Austria). The membranes were equilibrated with the electrolyte (0.5 M NaCl) for at least 301 30 min before measurement. The electrolyte was titrated step-wise from pH 3 to 10 in 302 increments of 0.5 with triplicate measurements taken at each step. The zeta potential of 303 the membrane was automatically calculated by the analyzer from the streaming potentials 304 using the Helmholtz-Smoluchowski equation with the Fairbrother and Mastin substitution 305 to correct for membrane surface conductance. 
Results 308
Reactor performance 309
Both the UA and CSTR AnMBRs were seeded from the same anaerobic reactor sludge 310 and run under similar operating conditions (HRT, SRT, OLR, etc.) for replicate 311 experiments (Run 1 and Run 2) as described previously. Both reactors showed COD 312 removal rates of over 90% throughout operation for both Runs 1 and 2 (Supplementary 313 Figure S1 ). In addition to CO 2 , N 2 , and CH 4 , low levels of H 2 were also detected in the 314 measured biogas (0.1-0.5% of total volume). The CSTR CH 4 content in the captured 315 biogas (80-90%) was consistently higher than that of the UA AnMBR (75-85%). 316
Conversely, the CO 2 content in the biogas of the CSTR was significantly lower (1-2%) 317 for both Runs 1 and 2 than in the UA reactor (6-10%). Total produced CO 2 was 318 calculated to be much higher than what was captured in the biogas; CO 2 recovered from 319 batch tests accounted for approximately 100 mL per liter of effluent for both reactors. 320
Average methane captured from the CSTR in both runs was 11-18% higher than from the 321 UA (Table 1) . Captured methane was 5% higher in the CSTR for Run 1 (269±51 mL/g 322 COD) than Run 2 (256±53 mL/g COD). Average methane captured for the UA was 323 236±35 mL/g COD and 234±41 mL/g COD for Runs 1 and 2, respectively. Differences 324 in average UA and CSTR daily methane production rates were determined to be 325 significant for both Run 1 (unpaired t-test P = 0.048) and Run 2 (unpaired t-test P = 326 0.014). Actual methane yield was calculated based on the measured biogas content 327 trapped in solution that was likely lost in the effluent. Methane in the effluent accounted 328 for approximately 62 mL/g COD and 57 mL/g COD (i.e., 21% and 18% of total methane) 329 in the UA and CSTR reactor, respectively. Methane yield was calculated based on the 330 available COD after considering COD removal efficiency and conversion to biomass as 331 described in section 2.4 and supplementary data. 332 333
Membrane operation 334
Membrane fouling was evaluated as total resistance (Figure 2 ) as described previously. 335
Total resistance profiles correlated well with membrane TMP profiles (Supplementary 336 Figure S2 ). PVDF and PES MF membranes in both AnMBRs were operated at fluxes of 337 below 8 L/m 2 /h for the initial 8 weeks in each run. After the 8 th week, flux was increased 338 for a period of 2-3 weeks, during which total resistance showed general increases for all 339 membranes. PVDF membranes showed minimal premature fouling (weeks 1-8) in both 340 runs for both AnMBRs. Conversely, PES membranes experienced premature fouling in 341 the in the UA during Run 2 and CSTR during Run 1 (Figures 2B and 2C) . 342
Microbial similarity analysis in AnMBR sludge and membrane biofilms 343
Similarities among microbial communities from the seed sludge, CSTR sludge, CSTR 344 membrane biofilms, UA-attached sludge, UA-suspended sludge, and UA membrane 345 biofilms are represented graphically in a metric multidimensional scaling (mMDS) plot 346 (Figure 3 ). This plot displays each sample as a point in a two-dimensional space based on 347 a distance matrix applied to all samples. Samples with higher similarity to one another 348 are clustered closer on the mMDS plot and vice versa. Clustering of samples was based 349 on three factors: (i) temporal changes, (ii) sample type (i.e., attached biomass versus 350 suspended biomass), and (iii) reactor configuration. To illustrate, the suspended UA 351 biomass from Run 1 showed similarity with CSTR sludge samples (also suspended) from 352
Run 1 (ANOSIM R = 0.339, P = 0.079). Suspended UA biomass samples from Run 2,however, showed increased separation from CSTR sludge samples (ANOSIM R = 0.838, 354 P < 0.01) due to the effect of temporal changes. Furthermore, UA attached biomass 355 samples were completely separated (ANOSIM R = 1, P < 0.05) from both UA suspended 356 sludge and CSTR sludge samples from the same run (both Runs 1 and 2), illustrating the 357 differences between attached and suspended sludge. UA PVDF membrane communities 358 exhibited high similarity with UA PES communities during Run 1 (ANOSIM R = 0.135, 359 P = 0.17) and Run 2 (ANOSIM R = 0.260, P = 0.14), while CSTR PVDF membrane 360 communities exhibited significant differences with CSTR PES communities in Run 1 361 (ANOSIM R = 0.771, P = 0.029) and Run 2 (ANOSIM R = 0.656, P = 0.029). Despite 362 initial similarity between sludge samples from the CSTR and UA reactors, membrane 363 communities across reactor types showed complete separation (ANOSIM R = 1, P < 364 0.05) in all instances. 365
Reactor-based microbial comparison 366
Given that clustering of samples was based, in part, on reactor configuration, an OTU-367 based analysis was further performed to determine differences in microbial populations 368 between the CSTR and UA reactors (Table 2A) . OTUs with high similarity to syntrophic 369 Smithella propionica were identified in both Runs 1 and 2 of the UA AnMBR. These 370
OTUs accounted for average relative abundances (RAs) of 1.39% and 2.83% in Runs 1 371 and 2, respectively and had significantly higher relative abundances in the UA AnMBR 372 versus the CSTR (unpaired t-test P < 0.0001 and P < 0.001, respectively). Additionally, 373
Aminivibrio pyruvatiphilus, a bacterium known to grow in co-culture with hydrogen-374 utilizing methanogens, was detected at a UA/CSTR average RA ratio of 2.27 (unpaired t-375 test P = 0.004) in Run 1. OTUs with high identity similarity to Levilinea saccharolytica, 376 a filamentous fermentative bacterium, were found to be present at higher relative 377 abundance in the UA reactor for both Runs 1 and 2 than in the CSTR (UA/CSTR RA = 378 24.3 and 15.5, respectively) with high significance (unpaired t-test P = 0.006 and P < 379 0.0001, respectively). Furthermore, several methanogens identified were more abundant 380 in the UA than the CSTR AnMBR. An OTU associated with Methanospirillum stamsii 381 was identified in Run 2 as having high relative abundance (0.863%) in the UA as 382 compared to the CSTR (0.005%) with high significance (unpaired t-test P = 0.007). In 383 addition, an OTU associated with Methanosaeta concilii also had high UA/CSTR RA 384 ratios during Run 2 (7.45) with high significance (unpaired t-test P = 0.005). 385
386
In contrast, one methanogenic species was determined to be more prevalent in the CSTR 387
AnMBR. Methanobacterium formicicum was present in the CSTR at a higher relative 388 abundance than in the UA for both Runs 1 and 2 with UA/CSTR RA ratios of 0.079 and 389 0.24, respectively (unpaired t-test P = 0.009 and 0.013). Additionally, several OTUs were 390 identified that made up a significant overall percent of the CSTR sludge (20-30%) 391 throughout both Runs 1 and 2 (Table 2B) and 2.95x10 -4 , respectively (unpaired t-test P = 0.002, P < 0.001 and P < 0.001). 398
Microbial differences between attached and suspended biomass 399
Analysis of RDP classifier results showed a major difference in the relative abundance 400 ratio of archaea to bacteria between attached biomass (UA carriers and all membranes) 401 and suspended biomass samples (CSTR and UA suspended sludge). In general, attached 402 biomass samples had a significantly higher (unpaired t-test P < 0.0001) average relative 403 abundance of nucleotide sequences classified as archaea (7.96% average) than did 404 suspended biomass samples (0.84% average). The relative abundance ratio between 405 archaea in attached biomass samples to archaea in suspended biomass samples was 7.90 406 in Run 1 (unpaired t-test P < 0.001) and 11.1 in Run 2 (unpaired t-test P < 0.0001). 407
408
Similarly, genus-based analysis revealed that key bacterial and archaeal genera were 409 present in the attached biomass of the UA at significantly higher relative abundances than 410 in the suspended biomass of both the UA and the CSTR. To illustrate, Syntrophobacter 411 was present in the UA at an attached to suspended sludge ratio of 6.32 in Run 1 (unpaired 412 t-test P = 0.031) and 10.4 in Run 2 (unpaired t-test P = 0.0023). The UA-attached sludge 413 to CSTR sludge (suspended) ratio for Syntrophobacter was also higher in both Runs 1 414 and 2 at 4.07 and 1.48, respectively (unpaired t-test P = 0.096 and P = 0.042). Several 415 other genera identified as syntrophic bacteria were found to have UA-attached to UA-416 suspended sludge ratios and UA-attached to CSTR sludge ratios of greater than 1 417 (ranging from 2.45 to 127) with high significance (Table 3) in Runs 1 and 2. Among 418 these genera were Smithella, Syntrophomonas, and unclassified Syntrophobacteraceae. 419
Other bacteria that favored attached sludge as compared to suspended were Geobacter 420
and Desulfovibrio, with UA-attached to UA-suspended sludge ratios ranging from 6.43 to 421 CSTR sludge ratios were 0.778 and 0.523 (unpaired t-test P = 0.034 and P < 0.0001) for 434 Runs 1 and 2, respectively. For Methanosaeta, UA-attached to UA-suspended ratios were 435 significantly higher at 2.74 and 4.51 (unpaired t-test P = 0.058 and P = 0.0022) for Runs 436 1 and 2, respectively. Similarly, UA-attached to CSTR sludge ratios for Methanosaeta 437 were 1.64 and 3.89 (unpaired t-test P = 0.15 and P = 0.0024). 438
Membrane biofilm EPS content 439
Total protein and total carbohydrate contents were quantified for the soluble EPS 440 obtained from both PVDF and PES membrane biofilms from each AnMBR for both Runs 441 1 and 2. Results were averaged for 3 equal size sections from each membrane and 442 normalized against the total extracted DNA concentration obtained from those same 443 membrane sections (Figure 4) . Total protein as well as total carbohydrates were 444 determined to be consistently lower in the soluble EPS of UA AnMBR membrane 445 samples (0.2-0.7 µg/ng DNA) than in that of CSTR AnMBR membrane samples (0.4-2.7 446 µg/ng DNA). Protein and carbohydrate contents quantified for the CSTR PES membrane 447 biofilm were higher than its corresponding PVDF membrane in Runs 1 and 2. 448 449
AnMBR retentate SMP profile dynamics 450
In total, 31 samples from both reactors over Runs 1 and 2 (n = 9 for CSTR Run 1, n = 8 451 for CSTR Run 2, n = 6 for UA Run 1, and n = 8 for UA Run 2) were analyzed for SMP 452 content. A principal component analysis (PCA) was performed for 210 nm UV 453 absorbance profiles for all retentate samples from both reactors for Runs 1 and 2. UA 454 samples were separated from CSTR samples along PC1, representing reactor-based 455 differences in SMPs, while Run 1 samples were separated from Run 2 samples along 456 PC2, illustrating temporal changes in both reactors ( Figure 5 ). CSTR samples within each 457 run were also more broadly distributed along PC1 than UA samples. In general, the PCA 458 plot shows that there was higher variation in the CSTR retentate samples (in terms of 459 SMP protein profiles at 210 nm absorbance) both between Runs 1 and 2 and within each 460 run than in corresponding UA retentate samples. 461 462
SMP and EPS fractions -potential relation to PES membrane fouling 463
A more in-depth analysis of protein-like SMPs using HPLC profiles at 210 nm UV 464 absorbance revealed that a peak representing a ~600 kDa molecular weight (MW) 465 compound was present in all SMP retentate samples from both reactors and both Runs 1 466 permeate profiles as it represents the largest molecular weight compound detected by 468 HPLC at 210 nm UV wavelength (shortest retention time). There was no observable 469 variation in the 600 kDa peak size temporally or between reactor types. Additionally, a 470 peak representing a ~100 kDa MW compound was observed intermittently in samples 471 from the CSTR retentate in Run 1 ( Figure 6A ). This peak was not observed in any SMP 472 retentate samples from the CSTR in Run 2 or from the UA in either run ( Figure 6B) . 473
Unlike the 600 kDa peak, this peak was also seen in the corresponding permeate samples 474 when present in the retentate. This peak was only observed in CSTR samples for Run 1 475 on days 11, 36, and 65, all of which coincided with increases in the CSTR PES 476 membrane's total resistance. Neither the 600 kDa peak nor the 100 kDa peak was present 477 in any reactor influent HPLC profiles. 478
479
Analysis of HPLC results for membrane biofilm EPS contents showed that protein 480 profiles detected at 210 nm consistently contained the 600 kDa MW compound. The peak 481 size of this compound increased for membranes that experienced premature increases in 482 total membrane resistance (Figure 7) . Absorbance profiles at 210 nm for soluble 483 membrane biofilm EPS showed a 3-fold or greater increase in peak height at this 484 retention time between the CSTR PES membrane and the CSTR PVDF membrane during 485
Run 1 ( Figure 6C ). Likewise, peak height of the 210 nm protein fragment was greater in 486 the UA PES membrane as compared to the UA PVDF membrane in Run 2 ( Figure 6B) . 487
This peak was also seen in absorbance profiles detected at 280 nm and followed a similar 488 trend, although peak heights were consistently lower than those detected at 210 nm. 489
Membrane characterization 490
Both the PVDF MF and the PES MF membranes were characterized based on a range of 491 parameters including hydrophobicity, surface charge, and surface roughness 492 (Supplementary Table S2 ). The PVDF membrane had higher root-mean-square (rms) 493
surface roughness values as determined by AFM membrane images for both 3 µm x 3 µm 494 and 30 µm x 30 µm surface areas. Hydrophobicity was higher for the PVDF membrane as 495 determined by surface drop tests that achieved average contact angles of 77° and 32° for 496 the PVDF and PES membranes, respectively. Finally, the surface charge of the PVDF 497 membrane was determined to be slightly negative (-18 mV) while the surface charge of 498 the PES membrane was determined to be slightly positive (+19 mV) at pH 7 based on 499 streaming zeta-potential tests. 500 501
Discussion 502
Despite differences in specific microbial populations related to fermentative bacteria, 503 syntrophs and methanogens (Table 2) This reiterates the findings of a recent study that also observed similar effluent quality 506 between granular and suspended growth AnMBRs.
15 Captured methane volumes were 507 23-33% lower than the maximum theoretically achievable (Table 1 ), but were in a similar 508 range (234-269 mL/g COD) to other studies that evaluated the potential for methane 509 production under similar organic loading rates. 5, 40, 41 The saturation solubility of methane 510 in water is 16 mL/L at 35 °C and 1 atm. 42 Measurement of methane content trapped in the 511 liquid phase revealed that it contained levels exceeding those of its maximum solubility 512 in water (i.e. super-saturation) by nearly double, implying that a large fraction (18-21%) 513 of the total recoverable methane was lost in the effluent. A previous study aimed at 514 quantifying methane recovery efficiency in an AnMBR showed that super-saturation of 515 methane in the effluent caused by mass transfer limitations was, indeed, responsible for 516 losses of up to 25% under similar operating conditions. 7
518
The CSTR consistently achieved higher methane content in the total biogas and produced 519 a significantly higher daily methane yield compared to the UA AnMBR. The mass 520 transfer limitations that were responsible for considerable methane losses in the AnMBR 521 effluents were likely also affected by differences in the operational conditions of the 522 CSTR as compared to the UA reactor. Given that the CSTR was operated under constant 523 internal mixing conditions while the UA was not, it seems reasonable that slightly better 524 transfer rates of methane from the CSTR sludge to the biogas could have accounted for 525 the higher biogas and methane yields seen in the CSTR. Furthermore, in most cases 526 studied for anaerobic digestion, hydrolysis and fermentation were determined to be rate 527 limiting steps. 43 The dominance of up to 30.5% of the total microbial community within 528 the CSTR sludge by three OTUs most closely related to the fermentative bacteria 529
Microbacter margulisiae (Run 1), Lutispora thermophila (Run 1), and Prolixibacter 530 bellariivorans (Run 2) (Table 2B) suggests that the CSTR AnMBR in this study was 531 likely able to overcome the hydrolysis and/or fermentation digestion steps more 532 efficiently than the UA AnMBR system, possibly leading to higher overall methane 533 yields. Although the specific fermentative bacterial species changed between Runs 1 and 534 2, their prominence in the CSTR sludge and overall role in the anaerobic digestion 535 process as fermenters remained consistent. During the time period between the end of 536 Run 1 and the commencement of Run 2, both reactors were operated in batch mode, 537 which could have led to these changes. 538
539
Another possible explanation for the lower methane production by the UA could be 540 related to hydrogen and/or acetate-utilizing bacteria competing with methanogens in the 541 UA biomass. For example, an OTU closest related to Geobacter lovleyi was present at a 542 higher relative abundance in the UA in both Runs 1 and 2 (UA/CSTR ratio = 12.9, 543 unpaired t-test P = 0.036). Geobacter lovleyi is able to utilize both hydrogen and acetate 544 under anaerobic conditions and could decrease the amount of both substrates that are 545 taken up by the hydrogenotrophic and acetoclastic methanogens. 44 This, in turn, would 546 result in lower methane and higher carbon dioxide content within the biogas. 547 Other significant differences in the microbial populations of the UA and CSTR AnMBRs 549 were also observed, specifically those associated with the attached and suspended 550 biomass. Our findings have shown that methanogens and archaea in general have a more 551 dominant presence in the attached biomass as compared to suspended sludge (average 552 RA ratio = 8.44, unpaired t-test P < 0.001), along with syntrophs and sulfate-reducing 553 bacteria. The inherently longer sludge age of the attached biomass likely favors these 554 microbial groups as compared to other bacteria due to their relatively slower growth 555 rates.
25
557
Different environmental conditions are likely to persist in attached biofilms due to 558 vertical gradient of substrates that may also drive niche differentiation of archaea or 559 syntrophs over others, in turn providing these bacterial populations with a competitive 560 edge than in the suspended form under lower substrate concentrations. To illustrate, an 561 OTU identified as propionate-degrading bacterium Smithella propionica had a 562 significantly higher RA in the UA AnMBR as compared to the CSTR AnMBR ( Table  563 2A).
46 Methanospirillum stamsii is a methanogen known to grow in a syntrophic 564
propionate-oxidizing anaerobic consortium. 47 The relative abundance of this species 565 showed significant correlation with the relative abundance of S. propionica (Spearman's 566 rank correlation ρ = 0.53, P = 0.034). Although S. propionica produces acetate that could 567 be utilized by acetoclastic methanogens, the relative abundance of S. propionica did not 568 exhibit a significant correlation with Methanosaeta concilli (Spearman's rank correlation 569 ρ = 0.35, P = 0.19), suggesting that the transfer of hydrogen was the more mutualistic 570 interaction when compared to the transfer of acetate to acetoclastic methanogens. Hence, 571 attachment or aggregation facilitates the interspecies transfer of electrons, hydrogen 572 and/or formate, which is a key requirement in obligate syntrophic interactions, 45 and is 573 potentially responsible for the higher abundances of methanogens and syntrophs in the 574 attached biomass. 575
576
The transfer of hydrogen to methanogens can, however, be limited by diffusion when 577 sulfate-reducing bacteria are present in the attached biomass. It has been previously 578
shown that the transfer of electron carriers between cells is only limited by diffusion rates 579 when cells are within 2-3 µm of each other (i.e. aggregated biomass), while H 2 -producing 580 and/or utilizing microbes do not affect inter-cell transfer rates when at distances > 10 µm 581 (i.e. suspended biomass) except in their contribution to the bulk solution. 48 With this in 582 mind, the presence of Desulfovibrio at significantly higher relative abundances in the 583 attached biomass (Table 3) likely created less favorable conditions for hydrogenotrophic 584 methanogens in the attached biomass than in the suspension. 585
586
The majority of archaea in the CSTR AnMBR were comprised of hydrogenotrophic 587 methanogens, specifically Methanobacterium formicicum, reaching up to 80% of the total 588 archaeal community. Hydrogenotrophic methanogenesis has been previously identified as 589 the dominant methane-producing pathway in anaerobic digesters. 49 As such, the higher 590 abundance of hydrogenotrophic methanogens as compared to their aceticlastic 591 counterparts may have contributed to higher carbon dioxide utilization and ultimately 592 higher methane production by the CSTR AnMBR. It was observed in a previous study 593 that increases in shear rates within an AnMBR coincided with increases in the 594 hydrogenotrophic methanogenic population of the reactor.
41 This is consistent with our 595 findings of hydrogenotrophic methanogen dominance in the CSTR, as shear rates in the 596 CSTR were likely inherently higher compared to the UA reactor given that recirculation 597 rates in the two reactors were the same, but the CSTR was also rigorously internally 598 mixed by an impeller. 599
600
Existing research has shown that high molecular weight compounds can dominate 601 proteinaceous EPS and SMPs in MBRs.
14, 50 Furthermore, a previous study comparing 602 reactor configurations of AnMBRs found that there were significant differences in SMP 603 molecular weight fractionation between suspended growth and granular AnMBRs. 15 Our 604 findings suggest that differences in the bacterial populations between reactor 605 configurations have also likely accounted for differences in the SMP constituents of 606 CSTR and UA retentates ( Figure 5 ). Major differences in total membrane resistance were 607 observed between Run 1 and Run 2 for the PES membrane in the CSTR. This was likely 608 due to differences in the proteinaceous SMP characteristics, as they varied more in the 609 CSTR as compared to the UA reactor. To illustrate, a peak representing a 100 kDa 610 protein-like compound was only present in select samples of retentate and permeate from 611 the CSTR in Run 1 (Figure 6 ). The timing of this peak's presence coincided with 612 increases in total resistance in the CSTR PES membrane at days 15 and 36 of Run 1. This 613 compound may have played a role in membrane fouling by pore adsorption and 614 accumulation given its relatively small molecular weight compared to the membrane pore 615 size. Conversely, this peak was not detected in CSTR SMP samples from Run 2 or in any 616 UA SMP samples, even though the UA PES membrane in Run 2 also experienced 617 premature increases in total resistance. 618
619
Previous research suggests that membrane performance in MBRs is negatively affected 620 by the concentration of colloidal matter in reactor suspension and, as a result, favors 621 attached growth type AnMBR systems. 13, 15 Our results showed that, despite differences 622 in the SMP constituents, membrane fouling was minimal for both reactors when the 623 transmembrane fluxes were maintained below 8 L/m 2 /h, with the exception of the CSTR 624 PES membrane in Run 1 and, to a lesser degree, the UA PES membrane in Run 2. 625
Proteins and carbohydrates, which have been previously found to influence fouling and 626 adversely impact membrane performance, 21, 51, 52 were higher in CSTR PES membrane 627 biofilms than in corresponding PVDF biofilms. Most of the characterized membrane 628 properties showed no significant difference between virgin PES and PVDF membranes 629 (Table S1 ). However, the PES membrane used in this study exhibited a slightly positive 630 zeta potential, which may have resulted in an enhanced affinity for the negatively charged 631 microbial cells. In a study by Gao et al., different membrane types (i.e., polyether block 632 amide-coated PVDF and uncoated polyetherimide) were tested and their findings 633 revealed that uncoated polyetherimide had a greater surface affinity for Bacteroidetes. 21 
634
This, in turn, led to a predominantly proteinaceous EPS layer and a faster fouling rate 635 than the coated PVDF membranes. This observation coincided with our findings that both 636 the fouled PES membrane of the CSTR for Run 1 and the fouled PES membrane of the 637 UA for Run 2 had 3-fold or greater increases in peak height for a 600 kDa protein 638 fragment detected on HPLC as compared to PVDF membranes in those same runs 639 (Figure 7) . 640
641
Normalized total average protein and carbohydrate contents were higher for CSTR PES 642 membranes in both Runs 1 and 2 (Figure 4 ) even though the PES membrane in the CSTR 643 during Run 2 did not exhibit the same fouling rates as in Run 1. Additionally, the lower 644 average protein and carbohydrate content seen in PES biofilms in the UA AnMBR 645 suggests that reactor configuration might also play a role in EPS affinity for a specific 646 membrane type. In future studies, it would be useful to isolate and identify the observed 647 peaks representing the 600 kDa (EPS and SMPs) and 100 kDa (SMPs) compounds in the 648 HPLC profiles in order to determine if a link can be established between those 649 compounds and the bacteria present in the reactor sludge and membrane biofilms. 650
651
Considering that the treatment efficiencies of both reactors were consistently similar in 652 terms of COD removal rates, the main performance characteristics potentially affected by 653 reactor type are methane production capacity and biofouling rates. Both of these 654 parameters directly impact process efficiency and sustainability, which are the primary 655 obstacles limiting the application of AnMBRs for municipal wastewater treatment. 656
Through the use of molecular tools, the links between fundamental microbiology and the 657 performance of these systems were examined, providing insights useful for future design 658 and operation considerations. 659
Conclusion 660
Several different types of conventional anaerobic digesters have been studied for their 661 microbial communities and performance, but these studies offer limited insight to answer 662 critical questions in the context of emerging membrane-based mainline anaerobic 663 treatment systems. In particular, the impact of AnMBR reactor type on the microbial 664 community, as well as broader links to methane production, SMPs, and membrane 665 fouling is a critical area of research to advance goals for energy positive wastewater 666 management. This study evaluated two AnMBR types that are inherently different in 667 their biological growth conditions, demonstrating reproducible differences among their 668 microbial community structure while relating these differences to reactor performance. 669
670
Microbial community analysis shows that methanogens, syntrophs, fermentative and 671 sulfate-reducing bacteria are all significantly affected by differences in AnMBR 672 configuration. Results suggest that these differences can lead to variations in biogas 673 production and microbe-produced foulant compositions, both of which are integral to the 674 sustainability of AnMBR application to municipal wastewater. Furthermore, although 675 membrane characteristics appear to have an impact on biofilm formation, reactor stability 676 and microbial foulant composition may contribute more directly to membrane fouling. 677
These findings illustrate the importance of understanding microbial community 678 interactions when evaluating AnMBRs in future research for wastewater treatment 679 applications. 680 
